Freshwater resources are limited and uneven in their spatiotemporal distribution, and substantial increases in water demand from rapidly developing economies and concentrated populations place pressure on the available water. Research on the inequality of water footprint (WF) could provide countermeasures for the rational use and allocation of water resources. We evaluated the temporal and spatial inequality of WF using the Gini coefficient and imbalance index based on socioeconomic and environmental factors in Jilin Province. The results showed that from 2008 to 2015, the overall inequality of WF in Jilin Province was "relative equality", and the inequalities between the WF and population, cultivated area were "high equality"; between the WF and gross domestic product (GDP) was "relative equality"; and between the WF and natural water endowment was "high inequality". With respect to space, the differences of WF inequality were significant. In the west, the WF inequality changed greatly, from "relative equality" to "relative inequality" driven by population, GDP, cultivated area, and natural water endowment. In the middle, the WF inequality showed large internal differences with "high inequality" or "high equality" caused by GDP and natural water endowment. In the east, the WF inequality was relatively stable, at "high equality" or "neutral" affected by natural water endowment and population. The varied impact factors reflected the differences in natural resources and socioeconomic conditions in the various regions, and the results might provide a theoretical basis for guiding the rational allocation of water resources.
Introduction
Water is a crucial element to human survival, societal development, and ecologic maintenance [1, 2] . However, the global distribution of available water and populations is uneven; therefore, inequality exists in human access to freshwater resources [3] . China accounts for 20% of the world's population, whereas its water resources only account for approximately 6% of the total water resources in the world, and the per capita occupancy volume is only a quarter of the world average [4] . In addition to the shortage of water resources, the spatiotemporal distribution of water resources is also uneven in China. The rainfall is concentrated in summer and decreases from the southeast coast to the northwest inland area. In addition, a mismatch exists between the water resources and the distribution of the population in many regions in China [5] . For instance, the northern population accounts for 42.1% of the total population, but its water resources account for only 19% of the total water resources in the country. Accelerated urbanization, mass migration, increased population concentration, and the rapid development of socioeconomics have stressed freshwater resources [6] . Therefore, equal allocation of water among different regions is necessary to meet water demands for the society, economy, and ecological environment.
The equality of water use is aimed at meeting the reasonable allocation of water resources and their benefits to all water users [7] . At present, research into inequality is being conducted by increasingly more researchers. They have found that countries facing water inequalities increase the likelihood of water conflicts [8] . Studies have addressed inequality in water supply and water use at the prefecture [9] , basin [7, 10] , and national level [11, 12] . Researchers have developed a multi-criteria decision tool [13] and a multi-objective model [14] to mitigate the problem of water allocation. They analyzed how principles of equity and sustainability are being applied to water allocation [15] . Although these studies discussed the equality of physical water use, such as drinking water, domestic water use, water supply, and water allocation, few have paid attention to water footprint (WF) inequality.
The research of WF inequality could provide fresh ideas on the judicious use and allocation of water resources. WF is a multi-dimensional indicator that reflects the amount of water consumed, the type of water source, and the amount of pollution. The WF has three components: blue, green, and grey. The blue WF refers to the consumption of surface water and groundwater; the green WF refers to consumption of the rainwater stored in the soil; and the grey WF indicates water pollution and is defined as the volume of fresh water that is required to assimilate a load of pollutants, given natural background concentrations and existing ambient water quality standards [16, 17] . The WF of a geographic area is defined as the total freshwater consumption and pollution within the boundaries of an area plus the virtual water import minus the virtual water export [18] . Virtual water is mostly used in the context of international or interregional trade that is closely linked with economic activities. Some studies have concluded that virtual water transfer is not sufficient to equalize water use among nations, primarily because internal agricultural water use, the main contributor to inequality, dominates national water needs and cannot be completely compensated by current volumes of virtual water transfers [19, 20] . However, virtual water trade could redistribute water in space from water-abundant to water-scarce regions to alleviate water inequality in China [21] . Dong et al. found that the water use was at "relative equality" from 1997 to 2011 in a study related to WF inequality, and a consideration of space showed that most provinces belonged to moderately or highly inequitable areas in China [22] . In addition, Sun et al. found that the Gini coefficient was reduced from 0.29 in real water use to 0.22 in the WFs in China, and the main source of WF inequality was from agricultural WFs, followed by industrial, tertiary, and domestic WFs [21] .
Most of the previous studies focused on WF inequality at the national level, with less being done at the provincial and municipal levels. Studies concerning WF at relatively fine levels (e.g., provincial and municipal levels) had some successes on accounting method and evaluation [23] [24] [25] [26] , but could seldomly answer whether WF matched local water resource distribution, as well as socioeconomic and environmental conditions. Hence, research into WF inequality at provincial and municipal levels could identify specific issues of water shortage and formulate strategies for water resource management. In this paper, we calculated the WFs (blue, green, and grey WFs) of nine prefectures in Jilin Province from 2008 to 2015. The Gini coefficient and imbalance index were implemented to measure the temporal and spatial inequality of the WF in Jilin Province based on socioeconomic and environmental factors including population, gross domestic product (GDP), cultivated area, and natural water endowment. This study aimed to analyze the temporal variation and spatial differentiation of WF inequality among the eastern, middle, and western Jilin Province and to determine the degree of inequality and the key impact factors. Thus, the areas where WFs were unequal in Jilin Province could be identified. The results of this study could provide valuable information for water resource managers and policy makers to guide the rational allocation of water resources and to mitigate water scarcity in Jilin Province.
Materials and Methods

Study Area
Jilin Province is located in northeastern China (Figure 1 ), which is a moderately water-deficient area according to international standards [27] . The average annual precipitation in Jilin Province is 609.1 mm, and the precipitation is mostly concentrated in June to September, accounting for 65-85% of the annual precipitation [27, 28] , and gradually decreases from east to west. Therefore, the spatiotemporal distributions of water resources show notable differences. The average annual surface water resources in the east are 31.0 billion m 3 , while those in the midwest are only 3.4 billion m 3 [27] . Moreover, Jilin Province is one of the major agricultural provinces in China, and the water consumption of agricultural irrigation accounted for the majority of total physical water consumption, which was as much as 62.3% [29] .
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Jilin Province is located in northeastern China (Figure 1 ), which is a moderately water-deficient area according to international standards [27] . The average annual precipitation in Jilin Province is 609.1 mm, and the precipitation is mostly concentrated in June to September, accounting for 65%-85% of the annual precipitation [27, 28] , and gradually decreases from east to west. Therefore, the spatiotemporal distributions of water resources show notable differences. The average annual surface water resources in the east are 31.0 billion m 3 , while those in the midwest are only 3.4 billion m 3 [27] . Moreover, Jilin Province is one of the major agricultural provinces in China, and the water consumption of agricultural irrigation accounted for the majority of total physical water consumption, which was as much as 62.3% [29] . Jilin Province is usually divided into three partitions of east, middle, and west, according to the geographical location and natural conditions; the east includes the four prefectures of Jilin, Baishan, Tonghua, and Yanbian; the middle includes the three prefectures of Changchun, Siping, and Liaoyuan; and the west includes Baicheng and Songyuan (Figure 1) . Topographically, the east is a mountainous region with abundant rainfall and a dense river network, through which the Yalu River and the Tumen River pass. The middle is a plain region with moderate rainfall, where the soil is fertile and vast, and the west is a meadow region with less rainfall, where the soil fertility is lower and more lakes and wetlands are distributed. Natural conditions are more superior in the middle of Jilin Province, with a high population density and high level of economic development. The regional differences of the population, GDP, cultivated area, and natural water endowment in Jilin Province were obvious (Figure 2 ). Jilin Province is usually divided into three partitions of east, middle, and west, according to the geographical location and natural conditions; the east includes the four prefectures of Jilin, Baishan, Tonghua, and Yanbian; the middle includes the three prefectures of Changchun, Siping, and Liaoyuan; and the west includes Baicheng and Songyuan (Figure 1) . Topographically, the east is a mountainous region with abundant rainfall and a dense river network, through which the Yalu River and the Tumen River pass. The middle is a plain region with moderate rainfall, where the soil is fertile and vast, and the west is a meadow region with less rainfall, where the soil fertility is lower and more lakes and wetlands are distributed. Natural conditions are more superior in the middle of Jilin Province, with a high population density and high level of economic development. The regional differences of the population, GDP, cultivated area, and natural water endowment in Jilin Province were obvious (Figure 2 ). 
Data Sources
The meteorological data were acquired from the China Meteorological Data Sharing Service System [30] . The crop water demand was measured by CROPWAT 8.0 software [31] . The statistical data, which included the sown area and yield of every crop, consumption of fertilizer, industrial and domestic wastewater discharges, import and export trade value, population, GDP, and cultivated area, were obtained from Jilin Province Statistical Yearbook (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) [32] . Water consumption and other water resources data were obtained from the Jilin Province Water Resources Bulletin (2008-2015) [33] .
WF Accounting
The water footprint of the regional consumption (WFcons, m 3 /year) was calculated as the water footprint within a geographically delineated area (WFarea, m 3 /year) plus the virtual water import (VWi, m 3 /year) minus the virtual water export (VWe, m 3 /year). 
WFarea was calculated as the sum of all processes water footprints in the area [18] ; the formula is as follows:
where AWF refers to the agricultural water footprint (m 3 /year), IWF refers to the industrial water footprint (m 3 /year), DWF is the domestic water footprint (m 3 /year), EWF is the ecological water footprint (m 3 /year), and PWF is the public water footprint (m 3 /year). 
Data Sources
The meteorological data were acquired from the China Meteorological Data Sharing Service System [30] . The crop water demand was measured by CROPWAT 8.0 software [31] . The statistical data, which included the sown area and yield of every crop, consumption of fertilizer, industrial and domestic wastewater discharges, import and export trade value, population, GDP, and cultivated area, were obtained from Jilin Province Statistical Yearbook (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) [32] . Water consumption and other water resources data were obtained from the Jilin Province Water Resources Bulletin (2008 Bulletin ( -2015 [33] .
WF Accounting
The water footprint of the regional consumption (WF cons , m 3 /year) was calculated as the water footprint within a geographically delineated area (WF area , m 3 /year) plus the virtual water import (VW i , m 3 /year) minus the virtual water export (VW e , m 3 /year).
WF area was calculated as the sum of all processes water footprints in the area [18] ; the formula is as follows:
where AWF refers to the agricultural water footprint (m 3 /year), IWF refers to the industrial water footprint (m 3 /year), DWF is the domestic water footprint (m 3 /year), EWF is the ecological water footprint (m 3 /year), and PWF is the public water footprint (m 3 /year).
AWF included the WF for growing crops and for stockbreeding. The total WFs of the rice, maize, soybeans, sunflowers, tobacco, and vegetables were calculated because the sown areas of these six crops accounted for more than 90% of the total sown area in Jilin Province. The WFs of the crops could be computed by the methods in Hoekstra et al. [18] and Duan et al. [34] , and then times the total output. The formulas of the crop WF of per unit mass are as follows:
where WF crop,total is the WF of crop production (m 3 /kg), WF crop,green is the green WF (m 3 /kg), WF crop,blue is the blue WF (m 3 /kg), and WF crop,grey is the grey WF (m 3 /kg).
where CWU green and CWU blue are green and blue water usage (mm), respectively; ET green and ET blue are green and blue water evapotranspiration (mm), respectively; Y is the crop yield (kg/hm 2 ); and the factor 10 converts water depths in millimetres into water volumes per land surface in m 3 /hm 2 .
where AR is the chemical application rate to the field (kg/hm 2 ); α is the leaching-run-off fraction; C max is the maximum acceptable concentration (kg/m 3 ); and C nat is the natural concentration for the pollutant considered (kg/m 3 ). The stockbreeding WF could be calculated based on the studies by Chapagain and Hoekstra [35] , de Miguel et al. [36] , and Hou [37] . IWF was difficult to calculate because of the complexity of industrial processes; it could be simplified as the sum of the industrial water uses (blue water) and industrial grey water. DWF could be obtained from domestic water uses (blue water) plus domestic grey water. EWF approximately equaled the ecological water uses (blue water), and PWF consisted of construction industrial water uses (blue water) and service sectoral water uses (blue water). Industrial and domestic grey water were computed by selecting the chemical oxygen demand (COD) and ammonia nitrogen (NH 3 -N) in industrial and domestic wastewater as the indicators [38] . The formula is as follows:
where D c and D n refer to the discharge of COD and NH 3 -N (kg/year), respectively; and SC c and SC n refer to the maximum allowable discharge concentration of COD and NH 3 -N (mg/L), respectively. According to Class 2 standards of the Integrated Wastewater Discharge Standard of China (GB8978-1996), the maximum allowable discharge concentrations of COD and NH 3 -N were 120 mg/L and 25 mg/L, respectively. Because of the lack of detailed data on import and export trade, it was difficult to calculate VW i and VW e ; therefore, this study used the calculation methods in Yu and Han [39] .
where TV i is the import trade value (10 4 yuan/year), TV e is the export trade value (10 4 yuan/year), and GDP is the gross domestic product (10 4 yuan/year).
Inequality Evaluation Methods
The Gini coefficient, a ratio between 0 and 1, was originally proposed by the Italian economist Gini in the early 20th Century to measure the inequality of income through the Lorenz curve [40] . Usually, a Gini coefficient below 0.2 meant "high equality", 0.2~0.3 meant "relative equality", 0.3~0.4 meant "neutral", 0.4~0.5 meant "relative inequality", and above 0.5 meant "high inequality". The Gini coefficient was also applicable to evaluating the inequality of the water use affected by spatiotemporal distribution of water resources. The coefficient could be applied to measuring the inequality of WF, and the trapezoidal area method [41] was used to compute the Gini coefficient in this paper.
The Gini coefficient of each single factor is calculated as follows:
where n is the number of prefectures, X i is the cumulative proportion of each factor up to the ith prefecture in Jilin Province, X i−1 is the cumulative proportion of each factor up to the (i−1)th prefecture in Jilin Province, Y i is the cumulative proportion of WF up to the ith city in Jilin Province, Y i−1 is the cumulative proportion of WF up to the (i−1)th prefecture in Jilin Province, and
To highlight the multifactor functioning and the importance of each factor on the equality of WF, the comprehensive Gini coefficient G needed to be calculated, and the formula is as follows:
where Gini k is the Gini coefficient of the kth factor, λ is the weight coefficient of the kth factor, and λ 1 + λ 2 + . . . + λ n = 1. The weight coefficient was determined by the analytic hierarchy process (AHP) method [42, 43] and the entropy method [44, 45] . The subjective weight vector of the factors determined by AHP was ω = (ω 1 , ω 2 , . . . , ω m ) T . A standardized decision matrix Z was obtained by standardizing the factor data, the objective weight vector of the factors determined by the entropy method was µ = (µ 1 , µ 2 , . . . , µ m ) T . Assume that the comprehensive weights of the factors were λ = (λ 1 , λ 2 , . . . , λ n ) T . In order to minimize the deviation of decision results, a least squares optimization decision model was established.
By constructing the Lagrangian function to solve this optimization model, the formula could be written as follows:
where
The imbalance index was originally proposed to study the differences in the degree of urbanization [46] . The index was then applied to studying the relationships among water resources, water use, and their influencing factors [4, 47] . In this study, the imbalance index was used to reveal the spatial inequality between WF and its influencing factors, which could measure the coordination between WF and impact factors and explain the degree of inequality in the various regions.
The distance between point (p i , q i ) and the line y = x was recognized as a regional imbalance index for measuring the coordination between WF and each factor in a certain region. The regional imbalance index of each single factor is calculated as follows:
where p i is the proportion of WF of ith prefecture in Jilin Province, and q i is the proportion of one factor of the ith prefecture in Jilin Province. When d > 0, the proportion of WF was higher than the proportion of one factor, and d < 0 indicates that the proportion of WF was lower than the proportion of one factor. The smaller D was, the greater the equality between the WF and one factor. Considering the multifactor functioning and the importance of each factor on the equality of WF, the comprehensive imbalance index D c needed to be calculated. The formula is as follows:
where D k is the imbalance index of the kth factor, λ k is the weight coefficient of the kth factor, and λ 1 + λ 2 + . . . + λ m = 1. The weight coefficients were the same as that in calculating the comprehensive Gini coefficient.
Socioeconomic and Environmental Factors
Population, GDP, cultivated area, and natural water endowment were used to evaluate the inequality of WF while the different aspects that affected the WF were being considered. Human beings were the main body of social development, so the population was bound to be an important factor influencing water use. The varied population would need different water consumption in time and space. GDP could reflect the level of economic development, and the Gini coefficient and imbalance index between WF and GDP could show the differences in the efficiency of water use and reveal the coordination between water use and economic level. The cultivated area could explain the agricultural land use, and the Gini coefficient and imbalance index between WF and cultivated area could highlight the matching situation between the water and agricultural land resources. In addition, the natural water endowment could show the existence of water resources, and the Gini coefficient and imbalance index between WF and natural water endowment could reflect the coordination between water allocation and water resource distribution.
Results
Characteristics of WF in Jilin Province
The annual average of the total WF was 6.65 × 10 10 m 3 in Jilin Province from 2008 to 2015, and the fluctuation of the total WF was inconspicuous (Figure 3 ). Among these WFs, the lowest value was in 2010, which was mainly attributed to the WF of the stockbreeding decreasing in 2010, after which the values rose steadily. The annual average values of green WF, blue WF, and grey WF from 2008 to 2015 were 1.64 × 10 10 m 3 , 1.23 × 10 10 m 3 , and 3.77 × 10 10 m 3 , respectively. The grey WF was the highest, far more than the green and blue WFs, and the blue WF was the lowest. The interregional differences of the total WF were quite large ( Figure 4 ). The total WFs of the middle and western prefectures accounted for more than 70% of that of the whole province, and most of them continually increased from 2008 to 2015. Changchun, the largest prefecture in Jilin Province, generated a total WF of 1.85 × 10 10 m 3 /year, far exceeding the other eight prefectures and accounting for 28% of that of the entire province. Changes in the total WF were not obvious in the eastern prefectures. Among them, Baishan had the lowest total WF, at only 1.07 × 10 9 m 3 /year, which was less than 1/10 of Changchun's WF. Taking 2015 as an example, the characteristics of the sectoral WFs in Jilin Province are shown in Figure 5 . The ratios of the crop WFs to the total WF were more than 60% in all prefectures of Jilin Province, except for Baishan with only 42%. These proportions were even as high as 80% in the western prefectures. Crop planting consumed a large volume of water in the western prefectures, which intensified the water shortage in these areas. The ratios of the crop WFs to the total WF in the middle prefectures were less than those in the western prefectures; however, the proportions of the stockbreeding WFs were higher than those of other prefectures, which would cause an increase in The interregional differences of the total WF were quite large ( Figure 4 ). The total WFs of the middle and western prefectures accounted for more than 70% of that of the whole province, and most of them continually increased from 2008 to 2015. Changchun, the largest prefecture in Jilin Province, generated a total WF of 1.85 × 10 10 m 3 /year, far exceeding the other eight prefectures and accounting for 28% of that of the entire province. Changes in the total WF were not obvious in the eastern prefectures. Among them, Baishan had the lowest total WF, at only 1.07 × 10 9 m 3 /year, which was less than 1/10 of Changchun's WF. The interregional differences of the total WF were quite large ( Figure 4 ). The total WFs of the middle and western prefectures accounted for more than 70% of that of the whole province, and most of them continually increased from 2008 to 2015. Changchun, the largest prefecture in Jilin Province, generated a total WF of 1.85 × 10 10 m 3 /year, far exceeding the other eight prefectures and accounting for 28% of that of the entire province. Changes in the total WF were not obvious in the eastern prefectures. Among them, Baishan had the lowest total WF, at only 1.07 × 10 9 m 3 /year, which was less than 1/10 of Changchun's WF. Taking 2015 as an example, the characteristics of the sectoral WFs in Jilin Province are shown in Figure 5 . The ratios of the crop WFs to the total WF were more than 60% in all prefectures of Jilin Province, except for Baishan with only 42%. These proportions were even as high as 80% in the western prefectures. Crop planting consumed a large volume of water in the western prefectures, which intensified the water shortage in these areas. The ratios of the crop WFs to the total WF in the middle prefectures were less than those in the western prefectures; however, the proportions of the stockbreeding WFs were higher than those of other prefectures, which would cause an increase in Taking 2015 as an example, the characteristics of the sectoral WFs in Jilin Province are shown in Figure 5 . The ratios of the crop WFs to the total WF were more than 60% in all prefectures of Jilin Province, except for Baishan with only 42%. These proportions were even as high as 80% in the western prefectures. Crop planting consumed a large volume of water in the western prefectures, which intensified the water shortage in these areas. The ratios of the crop WFs to the total WF in the middle prefectures were less than those in the western prefectures; however, the proportions of the stockbreeding WFs were higher than those of other prefectures, which would cause an increase in the total WF. Agricultural (crops and stockbreeding) WFs in the eastern prefectures were less than those of other prefectures. Particularly, the proportions of the industrial and domestic WFs in Baishan were greater, being obviously different from other prefectures. the total WF. Agricultural (crops and stockbreeding) WFs in the eastern prefectures were less than those of other prefectures. Particularly, the proportions of the industrial and domestic WFs in Baishan were greater, being obviously different from other prefectures. 
Temporal Variation of WF Inequality
The WF of a region was affected by social, economic, and natural factors. The Gini coefficients between the WF and factors were calculated to analyze the temporal variation of WF inequality in Jilin Province.
Gini Coefficient between WF and Single Impact Factor
The Gini coefficient between the WF and the population was below 0.2 (Figure 6a) , with the WF showing "high equality". The population of Jilin Province increased from 27.11 million in 2008 to 27.27 million in 2011 (Figure 6a) , with an average annual growth rate of 0.2%. While the Gini coefficient increased rapidly from 0.098 in 2008 to 0.160 in 2011, and the average annual growth rate reached 21.1%. After 2011, the population declined sharply; it was 26.62 million by 2015, and the average annual rate of decline was 0.6%. Meanwhile, the average annual growth rate of the Gini coefficient decreased, with an average annual growth rate of only 3.6%. In short, the Gini coefficient increased rapidly as the population increased slowly and increased slowly as the population declined sharply.
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Gini Coefficient between WF and Single Impact Factor
The Gini coefficient between the WF and the population was below 0.2 (Figure 6a) , with the WF showing "high equality". The population of Jilin Province increased from 27.11 million in 2008 to 27.27 million in 2011 (Figure 6a) , with an average annual growth rate of 0.2%. While the Gini coefficient increased rapidly from 0.098 in 2008 to 0.160 in 2011, and the average annual growth rate reached 21.1%. After 2011, the population declined sharply; it was 26.62 million by 2015, and the average annual rate of decline was 0.6%. Meanwhile, the average annual growth rate of the Gini coefficient decreased, with an average annual growth rate of only 3.6%. In short, the Gini coefficient increased rapidly as the population increased slowly and increased slowly as the population declined sharply. (Figure 6b ). First, a period of rapid growth occurred from 2009 to 2013, with the average annual growth rate of the GDP reaching 27.5%. In 2014 and 2015, Jilin Province experienced weak economic growth, with an average annual growth rate of only 1.2%. However, the GDP in 2009 decreased, whereas its Gini coefficient increased, and in 2011, the GDP increased, but its Gini coefficient declined. In general, there was a positive correlation between the Gini coefficient and GDP.
The Gini coefficient between the WF and the cultivated area was less than 0.2 (Figure 6c ), which meant "high equality". The Gini coefficient showed a fluctuating downward trend. On the whole, it declined from 0.157 in 2008 to 0.130 in 2015, exhibiting a relative reduction of 17.2%, with an average annual decline of 2.5%. However, the cultivated area of Jilin Province experienced rapid growth stage and a relatively stable stage (Figure 6c ). It grew 18.1% from 2008 to 2011, and the annual average growth exceeded 6%; after 2011, it changed relatively little and maintained about 6 million hectares. In general, there was a negative correlation between the Gini coefficient and cultivated area.
The Gini coefficient between the WF and natural water endowment exceeded 0.5 (Figure 6d ), which meant "high inequality". The Gini coefficient showed a downward trend in general, reducing from 0.660 in 2008 to 0.627 in 2015 and fluctuating sharply from 2012 to 2015. In Jilin Province, the annual precipitation in an area largely determines its water storage in that year. As a result of (Figure 6b ). First, a period of rapid growth occurred from 2009 to 2013, with the average annual growth rate of the GDP reaching 27.5%. In 2014 and 2015, Jilin Province experienced weak economic growth, with an average annual growth rate of only 1.2%. However, the GDP in 2009 decreased, whereas its Gini coefficient increased, and in 2011, the GDP increased, but its Gini coefficient declined. In general, there was a positive correlation between the Gini coefficient and GDP.
The Gini coefficient between the WF and natural water endowment exceeded 0.5 (Figure 6d ), which meant "high inequality". The Gini coefficient showed a downward trend in general, reducing from 0.660 in 2008 to 0.627 in 2015 and fluctuating sharply from 2012 to 2015. In Jilin Province, the annual precipitation in an area largely determines its water storage in that year. As a result of variability in precipitation, a wet year, dry year, and normal year can occur, and the amount of water resources will change greatly. The water resources fluctuated drastically in Jilin Province from 2008 to 2015 (Figure 6d ). In 2010, the water resources were 68.668 billion m 3 , while they were only 29.804 billion m 3 in 2009, less than half of those in 2010. Therefore, there was no good correlation between the Gini coefficient and natural water endowment.
Comprehensive Gini Coefficient
The comprehensive Gini coefficient ranged between 0.2 and 0.3 (Table 1) , the WF of Jilin Province was at "relative equality" from 2008 to 2015 under the combined action of four factors. According to the weights of population, GDP, cultivated area, and natural water endowment (0.288, 0.300, 0.210, and 0.202, respetively), the effects of the population and GDP on WF inequality were greater than those of the cultivated area and natural water endowment. Furthermore, the Gini coefficients between the WF and the population and between the WF and the GDP rose steadily, indicating that the impacts of the population and GDP on WF inequality increased from 2008 to 2015. The downtrend in Gini coefficients between the WF and cultivated area and between the WF and natural water endowment indicated that the impacts of the cultivated area and natural water endowment on WF inequality were decreasing. Therefore, the leading roles of human factors were becoming increasingly more obvious, although the natural conditions were still the limiting factors on the allocation of water resources. 
Spatial Distribution of WF Inequality
The Gini coefficient could only analyze the temporal changes of inequality between WF and each factor from a holistic perspective; it could not reflect the spatial characteristics of WF inequality. However, the imbalance index could measure the differences of WF inequality among regions. The regional imbalance indexes and comprehensive imbalance indexes could be calculated by Equations (14) and (15), respectively. According to the calculation results, the imbalance indexes were divided into five grades: 0~0.025 meant "high equality", 0.026~0.035 meant "relative equality", 0.036~0.045 meant "neutral", 0.046~0.055 meant "relative inequality", and above 0.056 meant "high inequality". The years of 2008, 2012, and 2015 were selected to examine spatial WF inequality in Jilin Province.
Imbalance Index between WF and Single Impact Factor
There were close connections between the spatial characteristics of the impact factors and those of the WF inequality. The regional differences of the imbalance indexes in 2008, 2012, and 2015 were obvious (Table 2) . The imbalance indexes between the WF and population (d p ) in the west increased obviously, from "high equality" to "neutral". In the middle, the imbalance indexes were below 0.017, which indicated "high equality". In the east, the d p was negative, and these values varied from "high equality" to "relative equality". In the middle, the population was the highest in Jilin province (Figure 2a) , and the WF was also the largest, thus the population and water consumption was compatible. Especially, water resources were inadequate in Changchun, considerable water resources were occupied and used by Changchun under the influence of a water diversion project, the priority of the resource use and virtual water trade. Although the populations were less in the west and east (Figure 2a) , the causes of inequality were different. Water shortages and more water consumption in agriculture occurred in the west, while water resources were rich with less water consumption in the east.
The regional imbalance indexes between WF and GDP (d g ) were significant in differences among regions. On the whole, the regional imbalance indexes increased obviously in the west and middle and were larger than those in the east. In the west, the imbalance indexes varied from "relative equality" to "relative inequality". In the middle, the internal differences were quite significant, Changchun was at "high inequality", Siping at "neutral", whereas Liaoyuan was at "high equality". In the east, the imbalance indexes fluctuated, and the internal differences were also obvious, Jilin was at "neutral", and other prefectures were at "high equality". In addition, Changchun and Jilin had negative d g values and higher imbalance indexes, which showed they had higher water use efficiency and could create higher GDP (Figure 2b ) when they consumed the same amount of water resources compared with other prefectures in Jilin Province. While the prefectures in the west and Siping in the middle had positive d g values and higher imbalance indexes, their water use efficiencies were lower, and these prefectures urgently needed to improve their economic level to achieve efficient water use and to improve the inequality.
The regional imbalance indexes between the WF and the cultivated area (d c ) in the west were greater than those in other regions, except Changchun, because vast and flat arable lands (Figure 2c ) and less precipitation were present in the west. However, these indexes showed a downward trend. Baicheng went from "neutral" to "relative equality", and Songyuan went from "relative inequality" to "relative equality". Changchun had the largest regional imbalance indexes and positive d c values, which indicated that the matching between water consumption and cultivated area was superior to that of the other prefectures. The regional imbalance indexes in the east and in the other middle prefectures were below 0.025, and the inequality was at "high equality". Their cultivated areas were less than those of the western prefectures and Changchun (Figure 2c) .
The regional imbalance indexes between the WF and natural water endowment (d w ) were generally very high for the nine prefectures, and the internal differences were significant (Table 2 ).
In the west, Songyuan was at "high inequality", and Baicheng reached "neutral". In the middle, Changchun and Siping were at "high inequality", whereas Liaoyuan was at "high equality". In the east, Baishan and Yanbian were at "high inequality", whereas Tonghua was at "neutral" and Jilin was at "relative equality". Furthermore, the d w values were positive in the west and middle, which indicated these prefectures belonged to the water-receiving areas. Furthermore, the d w values were negative in the east, to which the water supply areas belonged. The amount of water resources accounted for more than 70% of all provincial water resources in the east (Figure 2d ), whereas most of them had not yet been developed and utilized. However, the water resources were overdeveloped, but could still not meet local needs in the middle and west.
Comprehensive Imbalance Index
The comprehensive imbalance index (D c ) was used to reflect the combined influences of population, GDP, cultivated area, and natural water endowment on WF inequality. According to their weights (0.288, 0.300, 0.210, and 0.202, respectively), the comprehensive imbalance index of each prefecture could be obtained. Different grades of comprehensive imbalance indexes signified different distribution patterns of WF inequality in Jilin Province (Figure 7) . On the whole, the level of WF inequality was higher in the middle, and the spatiotemporal differences of WF inequality were conspicuous. In the west, the comprehensive imbalance indexes increased steadily, and the WF inequality changed from "relative equality" to "neutral" and then to "relative inequality", as driven by population, GDP, cultivated area, and natural water endowment. In the middle, the comprehensive imbalance indexes varied dramatically, and the WF inequality showed large internal differences. For instance, Changchun was at "high inequality", whereas Liaoyuan was at "high equality". The inequality was caused by the GDP and natural water endowment. In the east, the comprehensive imbalance indexes changed insignificantly, and the WF inequality was relatively stable. Jilin and Tonghua were at "high equality", and Baishan and Yanbian were at "neutral", as they were affected by natural water endowment and population.
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Discussion
Improvement on the Methods of WF Inequality
In the studies of the equality of water, much of the literature has focused on the inequality of physical water. However, few studies involved the assessment of WF inequality. In the existing studies on WF inequality, most explored blue and green water [20] [21] [22] , whereas the grey WF has received the least focus compared with the green and blue WFs [48] . The present study considered the grey WFs of three sectors (agriculture, industry, and domestic), which accounted for about 57% of the total WF (Figure 8 ). This indicated the grey WF was the main portion of the WF and should not 
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be ignored. The grey WFs could more directly reflect the impact of human activities on the quality of water resources as well as indirectly affect water use equality across regions. Therefore, it was important to include the grey WF when conducting a water resource assessment. The Gini coefficient has been widely adopted to evaluate the equality of water use or water supply [7, [9] [10] [11] , which could describe the degree of inequality quantitatively, and this approach proved to be simple and feasible. The Gini coefficient could reflect the temporal variation of WF inequality and could represent the overall matching degree between water and each impact factor. In this study, the Gini coefficient explained the overall level of WF inequality and the degree between WF and each impact factor from 2008 to 2015. However, the spatial distribution could not be reflected. The imbalance index method could fill the gap by reflecting the spatial characteristics and coordination between water and each impact factor in each region. In this study, the imbalance index characterized the level of WF equality in each prefecture and accounted for the main influencing factors. Therefore, the distribution and change of WF inequality on space could be revealed, which would be used in identifying areas of WF inequality and the critical impact factors for adopting the measures to reduce WF inequality.
The combination of the Gini coefficient and imbalance index could quantitatively measure the temporal variation and spatial differentiation of WF inequality, improving the research methods of WF inequality. The results provided useful references for decision-making on water resource allocation and management in Jilin Province.
Response of WF Inequality to Impact Factors
During 2008-2015, the economy of Jilin Province developed rapidly, mainly benefitting from the implementation of the Northeast Revitalization Strategy. The level of urbanization increased, the proportion of the urban population increased from 53.21% in 2008 to 55.31% in 2015, and that of the rural population decreased from 46.79% in 2008 to 44.69% in 2015 in Jilin Province. Furthermore, the population was concentrated in some larger prefectures, which led to more serious and larger differences in water consumption. However, the ability to allocate water resources could not keep pace with the accelerated agglomeration of the population in spatial distribution; the water consumption could not be satisfied by the local water resources. Thus, the degree of WF inequality in terms of population was growing. GDP is an important factor affecting water use and allocation. With continuous economic development, the volume of water utilization increased, and the difference in the water use became greater among regions, with the pace of the WF inequality also increasing. The Gini coefficient has been widely adopted to evaluate the equality of water use or water supply [7, [9] [10] [11] , which could describe the degree of inequality quantitatively, and this approach proved to be simple and feasible. The Gini coefficient could reflect the temporal variation of WF inequality and could represent the overall matching degree between water and each impact factor. In this study, the Gini coefficient explained the overall level of WF inequality and the degree between WF and each impact factor from 2008 to 2015. However, the spatial distribution could not be reflected. The imbalance index method could fill the gap by reflecting the spatial characteristics and coordination between water and each impact factor in each region. In this study, the imbalance index characterized the level of WF equality in each prefecture and accounted for the main influencing factors. Therefore, the distribution and change of WF inequality on space could be revealed, which would be used in identifying areas of WF inequality and the critical impact factors for adopting the measures to reduce WF inequality.
During 2008-2015, the economy of Jilin Province developed rapidly, mainly benefitting from the implementation of the Northeast Revitalization Strategy. The level of urbanization increased, the proportion of the urban population increased from 53.21% in 2008 to 55.31% in 2015, and that of the rural population decreased from 46.79% in 2008 to 44.69% in 2015 in Jilin Province. Furthermore, the population was concentrated in some larger prefectures, which led to more serious and larger differences in water consumption. However, the ability to allocate water resources could not keep pace with the accelerated agglomeration of the population in spatial distribution; the water consumption could not be satisfied by the local water resources. Thus, the degree of WF inequality in terms of population was growing. GDP is an important factor affecting water use and allocation.
With continuous economic development, the volume of water utilization increased, and the difference in the water use became greater among regions, with the pace of the WF inequality also increasing.
The population of Jilin Province began to decline after 2011, and the loss of population adversely affected the development of agriculture. In addition, the policies of conversion of cropland to forest and returning farmland to lakes and wetlands were implemented, which contributed to the reduction in the cultivated area. The cultivated area no longer increased significantly and, in some cases, even declined. Meanwhile, water-saving technologies and various methods of irrigation were widely used, and the efficiency of agricultural water use was also enhanced in many regions [49] . Therefore, the degree of equality improved between the WF and the cultivated area.
With technological advances, water diversion projects were implemented across the regions. For example, the project of Carrying Water from Songhua River to Changchun supplied 3.08 × 10 8 m 3 water from Jilin to Changchun, which played an extremely important role in relieving the water supply crisis in Changchun [50] ; and the project of Carrying Water from Nen River to Baicheng was a comprehensive water conservancy project, aiming to supply water to 6.2 × 10 5 urban residents, 6.3 × 10 4 hm 2 irrigation area and Momoge Wetland water supplement [51] . Thus, water demand had been met, and the restriction of local water resources had been gradually reduced. Meanwhile, the problems of water resources and water environment also appeared constantly, including low level of water management, serious over-exploitation of the groundwater, and water pollution aggravation [27] . Then, the consciousness of water conservation and the efficient utilization of water resources were gradually raised, and many efforts in water resources management and protection were made [52] . The decline of the proportion of grey WF (Figure 8 ) with the economic development could show the effect of water resources protection and pollution prevention. Thus, the degree of WF inequality was reduced in terms of natural water endowment.
Policy Implications
An analysis of WF inequality could provide valuable policy insights for preparing rational water management strategies, particularly for some areas in which water inequality was more prominent. Factors affecting WF inequality were different in each region, so the corresponding measures adopted were different.
Jilin Province is one of the major agricultural provinces in China; crops' WF accounted for 42-82% of the total WF (Figure 4) . The strategy to reduce WF inequality should put the crops' WF reduction as the main target, which could be realized through optimizing the planting structure and adopting the advanced technologies. According to the differences of natural, socioeconomic, and environmental conditions, the high-quality corn production bases should be constructed in the middle of Jilin Province; the water-saving and drought-tolerant miscellaneous grains should be vigorously developed in the western Jilin Province; and the high-quality soybeans and cash crops should be concentrated in the eastern Jilin Province [53] . Additionally, water-saving irrigation technology should be adopted in each region, which could reduce the blue WF of crops and ensure that water resources are used fully and efficiently.
Different regions faced different dilemmas on the development and utilization of water resources. In the west, the utilization level of groundwater even reached 88%, exceeding the limit in recent years, and more than 80% groundwater was used for agricultural irrigation, while about 4% was used for industrial water and 5% for domestic water [54] , which seriously violated the regular pattern of sustainable use of water resources. The amount of groundwater exploitation should be strictly controlled. Furthermore, the utilization of surface water resources was inadequate in these prefectures [55, 56] . Precipitation was mainly concentrated in June-September, and most precipitation events occurred in the form of floods. If the floods were stored in the wetlands and lakes in the west, the rain water could be fully utilized as a resource, and the water use efficiency would be improved, thereby the seasonal water shortage could be alleviated in the west. In the east, the water resources were adequate, but not fully used. First, the efforts to develop water resources should be strengthened in the national border rivers, specifically in the Yalu River and the Tumen River, with their rich water resources. Second, the mineral water resources should be further rationally developed and utilized because of their abundant reserves. In addition, the protection of drinking water sources should be strengthened because these are the source points of major rivers. If full advantage of the water resources could be taken, the water resource endowments could be transformed into economic benefits, and WF inequality would be greatly alleviated in the east.
The water demand was the largest in the middle, however, the water resources were not enough to cover the water supply. The effective measures are water transfer and water saving. In addition, VW trading should be a choice. A proportion of the global population living in water scarce regions benefit from VW trading [55] ; it may be possible to develop appropriate trade policies to import water-intensive products for reducing the local WF. If possible, water-intensive industries and a portion of agricultural production should be encouraged to move to water-abundant regions. As an economically developed region, changing consumption habits, such as reducing the consumption of water-intensive products and services and to save water in daily life, might be beneficial to raising people's environmental awareness and water-saving awareness, although this occupied a very small percentage of the total WF.
Conclusions
Inequality of water resources exists as a result of the uneven distribution of water resources in time and space and the differences of economic and social development. This paper calculated the WFs (blue, green, and grey WFs) of nine prefectures in Jilin Province and then evaluated the spatiotemporal inequality of WF by applying the Gini coefficient and imbalance index.
The Gini coefficient reflected the temporal changes of inequality between WF and each factor in Jilin Province from 2008 to 2015. The WF of Jilin Province was at the degree of "relative equality". In detail, the level of WF inequality showed "high equality" between the WF and the population and cultivated area, "relative equality" in terms of the GDP, and "high inequality" in terms of the natural water endowment. The effects of human factors on WF inequality were increasing, while those of natural factors on WF inequality were decreasing.
The imbalance index measured the differences of WF inequality among regions, and the spatial differences of WF inequality were obvious. The WF inequality in the west changed from "relative equality" to "relative inequality", as driven by population, GDP, cultivated area, and natural water endowment. In the middle prefectures, the WF inequality showed large internal differences with "high inequality" or "high equality", led mainly by GDP and natural water endowment. The WF inequality in the east was relatively stable and at the degree of "high equality" or "neutral", which was affected by the natural water endowment and population.
WF inequality changed with the variation of natural, socioeconomic, and environmental conditions in time and space. The inequality analysis could identify the matching between WF and water allocation, determine the key impact factors, and then find the root of WF inequality. Therefore, research on WF inequality could provide a theoretical basis for water resource managers and policy makers to utilize and allocate water resources rationally and mitigate the inequality of water use.
